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FIGURE 1

The possibility of extending the laser principle into the hard x-ray

region above a few keV depends upon the ability of a pump to create the

critical density of population inversion for which gain overcomes 10SS by

absorption. Although this critical density decr{,aseswith the wavelength] of

th~ radiation to be st.imulateci,the power requix-cd to generate it depends upon

the lifetime of the state being pumped. The lifetime. of inner-shell

vacarlcies of atoms are very short.

Nuclear states, on the other hand, have much longer lifetimes, rallgll~~

from fractions of picosecond to millenia.

FIGURE 2

Moreover, in the so-called “recoilless” or “M~ssbauerl’ translLions of

nuclear isom~rs, it is observed that the resonance cross section often exceeds

the nonresonant absorption cross sectit)llhy several orders of magnitude: just

the condiL,,on for lasing in an inverted population. If, other thin~s !>eini,

equtil, the absorber i~~ilof a M&ssbausr experiment contained an excess of

excited states, then, instead of tllcabsorption dip normally observed {It

resonance, there would be an increase of intensity; amplification l)y

stimulated emission would be nctlievecl.

““ivprorlem in makinp, a gamma-ray laser-is Lhereforc SjIIIFIV that 0!’

obtaining on invertt)d,J[~plll:)tiollwitll~)lllin]lillitin~,tl:rll~;ssl>auvreffect.
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FIGURE 4

Their estimate of the required number of neutron captures, and of that

part of the energy released upon their capture (illcluc

and recoil from neutron impact) that could not escape

led to the conclusion that the temperature rise could

neutron energy could be kept low, so as to avoid }leat

FIGURE 5

ing 8 MeV binding energy

from a thin filament,

be tolerated, if the

ng by recoil.

They estimated the neutron fluence to pUMp t})e l.l”&sbauertransition in

Ta-181; this required knowledge of the neutron capture cross section OL its

parent, Ta-180. The re.SLIlt~.’as3(19) neutrons cm-2, below l(j(IcV, to bc

delivered within its 10-micrcJsecond mean lifetime. This, t}leyr~’cognized,

would require a nuclear explosion for the neutron source.

FIGURE 6

Althou}:h they felt that direct pumping mig}~t nevertheless be ieasible,

Golldanskii, Kagan, and Namiot also showed how one mi,glltgreatly reclucc tllc

neutron fluence requirement. They proposed a twu-staL\c pumping proccs~, in

which neutron Capture genera~es tile MBssbrrl]{’risolope in a sepnrate rrr,ion,

where its radiation interacts only by nonrcson:]nt absorption before entcrin[,

the graser. There, Mt3ssbauer absorption, with a IIIUC}I iiig}ler cross suction,

produces the excicatinn in a thin region; tile rc’:iu]tant dcnsiLy Of pxcll~’d

skates is IIItICl I IIigllflrL]lantllcd~)nsiLy of captur(!s in t’l~c’convcrLor,

FIGURE7

Several other proposals havu aj)pcaru(l Lil.:tl’1/Jbo~,:tl! on L]IIJ two busic

proposals of Gul ’dunskii and KagcIn; in all, neutrons, produ;ud 1.1}[i:l.sionor

fusion reactions, rn(lstfirst be muderaLcd and LIICIIcopLur(d 10 forlilLl)c

excited pullulaLion.

FICIIRE H

At LASL, WC’ hove !rLucliod m(linly tilefirst Lwo r}clJtruil-bllrst-p\Jfll])(~d

proposala, althnugll wv Il(lvualso given considcraLion Lo nlLt!rll,qLivc’s tlI/1~,

would employ lun~-lived LrullsiL ions, TlloR(’would !irr+L require d~}vt’lupin~;

mvtl Iocls f~~rrc’dilcin}[tl](’llucwi(lLll(J(tlirM{\ssl]/111(’rru~liatit)tl,‘)’r~doy,1 T,IIu11

discuss only tll($nPlltrrln-l)llrsL-1)111111)(’(1pro~)()!iiil~, Ltloyil~i’olvc”~ls~)~$~”~sq(\iL{~

diff(>renl from collvttllti{)u;llluRrrs.
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FIGURE 9

First: Even if an extremely brief burst of neutrons could be generstecl,

the neutrons must first be slowed down in order for the capture cross accLiu~.

to be appreciable and to avoid overheati[lg tilegrasur. Fluctuations of

moderating times makn the pumping sustained, rather than pulsed. tJa previous

work haa considered this aepect.

Second: The neutrons are captured into a highly excited state; the

resulting cascade of capLurc gamma rad{ation can populate either or boLll

levels. Fortunately, owing to operation of selection rules, cases of high

isomer ratio~ are known.

Third: Since the H6sebauer lir.emust net be greatly broadened if lasing

is to ensue, the kinetics of resonance involves an inertiai time-log of the

order of the reciprocal linewidth.

In short, an accurate account of the kinetics of a neutron-pumped grascr

involves the history of neutron generation, moderation, nlldcapture, as UC1l

as of the Iasi ?g process. Baldwin rindScydam have worked out the kinrtica [or

a model in which tilemoderator is I]ydrogen, assumed infinite, the sourc~ is a

~patially uniform delta function, tl)encutr(llls undergo resonance capturu, and

the Mossbauer line is of nn arbitrarily nssign(’d hrl’adttl.

FIGURE 10

As an example or the application 01 our kinetic model, wc coafiidl’rtht,

Mdssl)nllcri~ombr Kr-B3 , which writs a 9.3-keV gnmmn ru}’from i]1.17-nqrxcitccl

srnt~. IIIHbsabauer cxpcrirnents, this fitaLl lS form[’dby beta clccay;wc forlll

it by neutron capturu in Kr-k12. Tlieradiative’ LransiLi(Jll is illLL”rnnlly

converted, HO LhUL only abouL 52 of the cxcitrd stnt~’sdrcay L(1LhP }:r(l~ln~l

etatc by r~’1’oi 11(’HsgIIIIIIIIn riitli/lLiollundl’r tll(’brsl IIIci~llilitiolls.N(lr(’ov!’r, il

l.fl(+hmrt,nst{lhlr lCVCI is pop{llntrd in 2/3 of 1111neutron cnptur~’rv~’nls.

other prol)~lrtie~tlrt: lnvurnhlr, tlowrvrra
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of the parent and laser state populations. Tl)e parameter in tl)c upper curve

is distance fronlLil(SpIJIILLIIIL’UUS source in nonresonant absorpLlon lenxtlls.

For t]lisCase, we ]Iavenearly pure fixponcntial aLLL’llllilLiull and deCa}; tilt!rc is

only slight amplification after about one-,]nd-one-ha]f mean lifetimes. The

neutron source intensity was IlcvertllelessquiLe high: 5(20) neutrons

CM-2. Approximately 5% of the parent population has been dcpleLed by

about 2.5 mean lifetimes.

FIGURE 12

By incorporaLin[; tl)eKr in a Be host at vury low tcvnp(!rdLllrL) ftIIcl

jncrrrising the source’-burst intensiL:; L() 1(22) cm-’, WI.I now s(’LI

amplification; still, however, lIiII-(Ily enough to overcome the nonres(>nnnt

absorption. The delay ia mainly the time [or neutrons to moCil?raLd to LIIL’

40-[J\~capture rcsuntince of Kr-82. FllrLllur ml)dllraLi(~ll to tll~,rll~;ll I,lll,r);y

accomplishes little, ], )wt.ver, since

practically depleted, iii-id accumulat

sLate formation.

Similar results art’ found Iflro
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the directly-pumped system. As a bcgilllling,we ncgluct LtIt:Lil,,LLor

moderation and assume capture, at a rat~,“y” per second in the

to be a step function, populating t)lethree levels in fixed ratios.

excited levels, of course, have disLinct decay constanLs “k”. Level

2 is populaLed boLh directly by neutron capLure and by decay of level 3. The

three gamma radiations arc attcr.uaLcd by nonresonant absorption in the

convertor and by resonant scattering in tl~eFraser as well. ‘[’he net p(lIIIIJiII&

rate coefficients W. . in tllcgraser are
?J

~elated to the emission rates in tllu

co,lvertor by coupling coefficients K, . that arc calculat~d as l.ullrws:
lj

FIGURE 16

First, tlluLillli!-dl!l]~!lldullLsollrcvsof recoil less radiation in Lhc

converLor, excited by nuutron capturu, arc determined.

FIGURE 17

NL!XL , tllf! vector f]llxoi each respe~Livu radiaLiull aL LIIt! convcrLur-Lri.Is~’r

inturfncc is ca]clllat(Icl,Lnkil]~;ilCCollllL U1 ljbliq~liLy:]n~ln(II)rtIs LIIIa IIL

absorption.

FIGURE 1s

N(~t(lLl)i]
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Finally, we refer the probability for exci atlon of a transition to the

total ntlclear population of ground states in the gi-aser medium, W(t).

FIGURE 2LJ

These pumping rate coefficients can now be inserted in rate equations for

the populations of the three states. Note that, unlike direct pumping,

two-stage pumping recycles the active nuclei in the graser; depleLion still

occurs in the convertor, of course. Each level is ~ormcd by direct absorption

or by decay of a higher level, and destroyed by itG decay or by rcsontirit

absorption of an appropriate radiation.

FIGURE 21

Tilecase of Gc-73 illustrates the reSults. Tllcordinate is degree of

excitation: positive above inversion, negative below. Tl)cabscissa is tilt,

logarithm of the neutron capture rate coefficient (“y” in earlier figures),

a i’l-t~ductof neutron ilux by capture cross section of the parent. lf only tilt’

1Vl,’t’rlevel were pumped, we w,juldhave the curve 2.1 wl~icll,of course, can

satllr,ntebut noL invert t;lepopu]atirins. If hot])excitt’d slate’sare p(lmped,

we curlindeed invert Gc-73 in principle, provided tilt,nuuLrun f]u% is Iligll

enou~l) to give a captL’re rate of l(h) S-l.

FIL;IIKE22

Uniortuniilulyl lor this isotope, Lllccouplin~) c(l~’iiicicllLs {kiJ) flr~, St,

1(IW tll:)t lII(,I”L’ is Ilt’g]igib]e JdvanLiJgc irom two-stal:[’pumpin~o Norcovcr,

U]th LIIJ~, h ttlti 2-1 transiting cat) ]JU iuvcrLcd, il ~’(illll(~l];1s[’,bucausu !t&

ncnresonunt ,nhsurption Crllss sccLion is Loo lli&il (unlt!ss L]ICI riidiaLion is

anomalously transmittc’~1). FlniJl]y, Cllt!IIeuLroII cuptlJr~’ cr(]s~ sllcti(]ll of (;iI-72

is only tJbouL ] hdrll, so thr ncuLrllli flux nllI:lL Icxctic’cl 1(30) cm-2 S-l

for inv~lrsioll.
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FIGURE 24

Being at liberty to choose any properties within reason for this

hypothetical isotope, we assumed no internal conversion, full recoil less

emission fraction, and, most optimistically, a neutron capture cross section

equal to the highest known, 2.6 megabarns. As a result, we now need only

about 6(21) neutrons cm-2 S-l to invert this imaginary transition.

Such a IIigh cross section can be realized only with fully therinalized

neutrons, velocity 2.2(5) Cm S-l. The corresponding neutron density at

the time of capture must therefore be at least 1(16) cm-3.

Had we considered the kinetics of neutron moderation, as in the directly

pumped cases, an appreciably higher thesholclWO!JICIhave been found. Moreover,

other simplifying assumptions in this anal.-.ib all have CIIU effect of

underestimating the excitation requirement. Neutron pumping is clearly going

to require an enOrMOLIB density of moderated neutrons.

Can we, in fact, produce it, even with a nuclear explosion?

FIGURE 25

The answer is that we cannot. Baldwin and Solem have shown that to assullic

otherwise is to violate not just the facts of recent experience, but the laws

of thermodynamics.

Let us inject a density nO of fast n!!utronti into an infinite moderator

(so that leakage and diffusive losses are negluctul). The energy oi the

neutrons, imparted to Lhe atoms of the moderator, raises their temperature.

According to the Second Law. uhcn the ti’mpcratur~’s of the ncuLron gas and tllc

moderator have become equal, moderation IIIUSLccasu. A strai~lit[orward energy

balunce Calculalinn (i.~’., nlllj]yill~~ LIIC First Law) shows that no r:~>rc than

3.3(18) fission neutrons can be moderated co 200 eV, and a f~r snmller numlwr

I 1} I Il(,t.ili:ll I’IN rj:i~’:.a
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FIGURE 27

It is unlikely that transient features of heat conduction can mocify this

result. Here we show the calculated time-clcpendences of 2-NeV, 50-keV, and

l-keV neutrons after a delta-function source burst. MOSL of the hcaLill& is,

of course, done by the fastest group of neutrons, and is accomplished before

the lowest-energy group has been populated.

FIGURE 28

Given these limitations on neutron density, can we pump a graser?

Here we again consider a hypothetical isomer, with 200 eV capture

resonance and a mean lifetime closely matching the time for neutrons to

moderate to thermal energies in hydrogen or to t!lecapture resonance in a

heavy moderator, Pb. The pumping rate coefficients turn out to be about the

same as those estimated above for the other hypothetical isomer. Tile qctual

fraction transmuted is very low, indeed.

We do not expect any actual isomer to begin co app~-each even so

u~lfavorable a result.

FIGURE 2!7

While we are therefore forced to conclude that in-situ pumping of a graser

by a pulsed neutron source is not feasible, we hasten to add tha: there are

other, as-yet-unexplored proposals, based on longer-lived transitions ttlat

might be excited separately, then purified and assembled. Tllesc, too, have

their problems; particularly that of lincbroadening - in real solids. At

present, no sufficiently dcLuiled examination ~f these proposals has appeared

to warrant a categorical cor,clusion; we can say only thaL these will be

difficult at best.
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